It is now well established that both genetic and environmental factors contribute to and interact in the development of multiple sclerosis (MS). However, the currently described causal genetic variants do not explain the majority of the heritability of MS, resulting in 'missing heritability'. Epigenetic mechanisms, which principally include DNA methylation, histone modifications and microRNA-mediated post-transcriptional gene silencing, may contribute a significant component of this missing heritability. As the development of MS is a dynamic process potentially starting with inflammation, then demyelination, remyelination and neurodegeneration, we have reviewed the dynamic epigenetic changes in these aspects of MS pathogenesis and describe how environmental risk factors may interact with epigenetic changes to manifest in disease.
Introduction
Multiple sclerosis (MS) is a complex, chronic disease of the central nervous system (CNS) with pathological hallmarks of inflammation, demyelination, remyelination and neurodegeneration. 1, 2 The inflammatory process in the brain may be triggered by infiltration of lymphocytes across the blood-brain barrier into the CNS, reacting to an as-yet uncertain host antigen, 2 leading to focal and generalised inflammation in the cortex and white matter. 3, 4 Initially, this damage may be mild and reversible, with relatively quick and complete remyelination. However, with the gradual accumulation of damage over time, these injuries result in extensive and chronic neurodegeneration, leading to permanent loss of function. 5, 6 Environmental risk factors (including Epstein-Barr virus (EBV) infection, vitamin D/ultraviolet (UV) deficiency and smoking) 7 as well as genetic variants can affect MS risk. Cumulatively, the genetic loci discovered by genome-wide association studies (GWAS) can explain some 25% of the perceived heritability of MS. 8 The exact component of MS risk that is heritable is difficult to determine because of the impact of environmental factors on the risk of MS, though estimates based on twin studies and MS families suggest that the risk may be between 15% and 40%. 2 Therefore, our current level of genetic knowledge can explain only in the region of 5%-8% of the overall risk of MS, depending on ethnicity and environment.
Recently, research has suggested that epigenetic mechanisms may contribute to the pathophysiology of MS and explain a portion of the 'missing heritability'. Epigenetic mechanisms can change the expression of genes and may also modulate the response to many environmental factors, thus potentially modifying MS susceptibility. In this review, we first give an overview of the current understanding of epigenetic mechanisms, and then present evidence of how these epigenetic changes may affect key aspects of disease in MS (inflammation, demyelination, remyelination and neurodegeneration). Finally, we discuss how environmental factors and epigenetic mechanisms may interact to affect MS risk and clinical course. References for this review were identified by searching PubMed and EMBASE for papers published in English, using the terms 'multiple sclerosis', 'inflammation', 'demyelination', 'neurodegeneration', 'epigenetics', 'DNA methylation', 'histone modification', 'microRNA', 'vitamin D', 'Epstein-Barr virus' and 'smoking', including combinations thereof.
What is epigenetics?
Epigenetics refers to a functionally relevant change of gene expression without permanent modification of the DNA sequence. 9 Major epigenetic mechanisms include: 1) DNA methylation, 2) histone modifications, and 3) micro-RNA (miRNA)-mediated genetic silencing ( Figure 1 ). DNA methylation is the most extensively studied epigenetic mechanism. Methylation predominantly occurs by adding methyl groups (-CH 3 ) at the carbon-5 of cytosine amino acids in regions of the genome called CpG islands that contain highly frequent repetitions of cytosine and guanine, and are typically found in gene promoters. 10 Major histone modifications include acetylation, citrullination, methylation, phosphorylation and ubiquitination, each of these distinguished by the addition of a chemical structure to specific histone amino acids to alter their structure, and hence their activity. 11 miRNAs are a family of 21-to 25-nucleotide noncoding small RNAs, which play a key role in post-transcriptional gene silencing by targeting message RNAs (mRNAs), primarily at the 3' untranslated regions (UTR), and thus controlling the translation of mRNAs into proteins. 12
Epigenetic changes associated with MS

Inflammation
Inflammation is an important mechanism of CNS damage in MS, and proper transcriptional control of the immune responses is mediated in part by epigenetic regulation. Kumagai et al. found that SHP-1, a negative regulator of proinflammatory signalling, had significantly higher promoter methylation in leukocytes in over one-third of MS subjects compared with healthy controls, 13 this potentially leading to decreased SHP-1 expression and increased leukocyte-mediated inflammation. A study by Janson et al. of A histone octamer is composed of two copies each of the core histones, H2A, H2B, H3 and H4. Histone acetylation (adding an acetyl group (CH3CO-) to the histone subunit) is catalysed by histone acetyltransferases (HATs), while histone deacetylases (HDACs) remove the acetyl groups. Histone citrullination is mediated by the family of peptidylarginine deiminase enzymes (PADs), which convert arginine (R) to citrulline (Ci). Methylation (adding a methyl group (-CH 3 ) to the histone subunit) and demethylation occur as a result of interaction of histone methyltransferases (HMTs) and histone demethylases (HDMs), respectively. Phosphorylation (adding a phosphate (-PO 4 3-) to the histone subunit) and dephosphorylation occur by an interplay between protein kinases (PKs) and protein phosphateses (PPs), respectively. Ubiquitination (adding a 9kDa ubiquitin peptide to the histone subunit) is achieved by ubiquitin-activating enzyme (E1), ubiquitin-conjugating enzyme (E2) and ubiquitin-protein isopeptide ligase (E3), while ubiquitin can be removed by deubiquitinating enzymes (DUBs). 3) microRNA (miRNA)-mediated genetic silencing. In the nucleus, pri-miRNA is generated by Pol II. The RNaseIII enzyme (Drosha) cleaves the pri-miRNA to form the pre-miRNA, which is transported out of the nucleus by Exportin-5. In the cytoplasm, the pre-miRNA is processed by Dicer into a 22-base pair mature dsRNA, which then form the RNA-induced silencing complex (RISC). The RISC can target mRNAs, resulting in translational repression and mRNA cleavage and destruction.
CD4 + T-cells from relapsing-remitting multiple sclerosis (RRMS) patients showed significantly greater demethylation of the FOXP3 and IL-17A loci than healthy donors. They further showed demethylation of FOXP3 can inhibit T h 1 and T h 2 cell differentiation, but promote T reg and T h 17 cell lineage commitment, while hypomethylation of IL-17A can lead to an increased differentiation towards the T h 17 cell lineage. 14 Control of the precise Th1/Th2/Th17/T reg balance through this differential methylation is predicted to significantly determine disease status, at one extreme leading to either injury or repair, or more subtly in affecting disease presentation. For example, in one experimental autoimmune encephalomyelitis (EAE) model, brain inflammation was primarily mediated though Th17 cells, while Th1 cells were responsible for spinal cord disease. 15 Most of the studies focusing on miRNA in inflammation and MS are in agreement that miRNA dysregulation favours some T-cell differentiation and promotes disease progression. In CD4 + T-cells taken from RRMS patients, miR-17-5p, which can target lipid kinases that regulate lymphocyte development, activation and survival, is highly expressed in RRMS patients compared to controls. 16 In naïve T-cells, Guerau-de-Arellano et al. found that expression of miR-128, miR-27b and miR-340 in memory T-cells from MS patients was increased, leading to the inhibition of T h 2 development and activation of proinflammatory T h 1 differentiation. MiR-128, miR-27b and miR-340 directly suppress the expression of B lymphoma Mo-MLV insertion region 1 homolog (BMI1), and miR-340 also suppresses expression of interleukin-4 (IL4), resulting in an immune profile shift from T h 2 to T h 1. 17 Comparing the miRNA profile in T reg cells from 12 RRMS patients and 14 healthy controls, miR-25 and miR-106b were downregulated in cases compared to controls. These two miRNAs act on CDKN1A/p21 and BCL2L11/Bim, and therefore modulate the tumour growth factor beta (TGF-β) signalling pathway which is involved in T reg cell differentiation and maturation. 18 By analysing peripheral blood mononuclear cells (PBMCs) from 43 MS cases and 42 healthy controls, Du et al. found that T h 17 differentiation was partially controlled by miR-326. 19 Moreover, overexpression of miR-326 was highly correlated with disease severity in patients with MS and mice with EAE. They also found that miR-326 promoted T h 17 differentiation by targeting and blocking expression of Ets-1, whose function is the inhibition of differentiation of naïve T-cells towards T h 17. 19 Demyelination and remyelination CNS inflammation may lead to demyelination and oligodendrocyte death, resulting in many of the clinical manifestations of MS. Early in the course of disease, these insults can be mild and reversible with remyelination occurring thereafter. 20 Later in the disease course, however, the repair of this damage is increasingly incomplete, or wholly unresolved, leading to increasing neurological damage and functional deficits. It should come as no surprise that here too epigenetic changes can play a key role, affecting demyelination and remyelination.
Mastronardi et al. demonstrated that during demyelination of white matter in MS patients, the promoter of peptidylarginine deiminase type-2 (PAD-2) was demethylated at cytosine residues in the CpG islands, leading to its overexpression in the brain. However, this change was found only in MS, and was not found in other neurological diseases, particularly Alzheimer's disease, Parkinson's disease, and Huntington's disease. 21 Peptidylarginine deiminase 2 (PAD-2) can make myelin basic protein (MBP) less stable and destabilise the myelin multilayers, leaving myelin vulnerable to autoimmune attack. 22 Mastronardi et al. further revealed that in normal-appearing white matter from MS patients and EAE animal models, the nucleosomal histone H3 can be citrullinated by another subset of PAD, PAD-4. 23 In the early stages of MS, marked histone H3 deacetylation is found in oligodendrocytes. This increased histone H3 deacetylation correlates with impaired differentiation of oligodendrocytes and may lead to impaired remyelination in MS patients. 24 Junker et al. established miRNA profiles from active and inactive MS lesions, 25 finding that miR-214 and miR-23a were upregulated in both lesion types. During oligodendrocyte differentiation, both miR-214 and miR-23a are overexpressed, indicating that they may be involved in remyelination. They also found that in inactive lesions, miR-219 and miR-338-5p were repressed. One of the target genes of miR-219 is ELOVL7, which maintains the integrity of myelin and axons in the CNS of adult mice. 26 MiR-219 and miR-338-5p can also target the genes Sox6, Hes5 and Zfp238, inhibiting the differentiation of oligodendrocyte precursors, and therefore affecting the remyelination process. 27, 28 Another study showed that miR-155, miR-338 and miR-491 were upregulated in patients with a more progressive disease course. Overexpression of these miRNAs inhibited the translation of their target genes (aldo-keto reductase family members C1 and C2), which are involved in neurosteroid synthesis. In humans, neurosteroids have an important role in regulation of myelination, neuroprotection, and growth of axons and dendrites. 29 These researchers came to the conclusion that the shift of miRNA expression can significantly affect the regulation of demyelination and remyelination in MS.
Neurodegeneration
To date, there are no specific studies exploring epigenetics in neurodegeneration specifically in the field of MS; however, we have interesting leads from other conditions. Chestnut et al. identified a link between DNA methylation and neuron death by using cultured NSC34 cells. 30 In cultured spinal cord neurons, overexpression of Dnmt3a, which is responsible for DNA methylation, induced degeneration, whereas inhibition of Dnmt3a protected cultured neurons from apoptosis. Further studies in samples from patients with amyotrophic lateral sclerosis (ALS) found similar effects. These results indicate that DNA methylation might contribute to neurodegeneration in MS patients. As neurodegeneration develops concurrently with inflammatory demyelination, the epigenetic changes involved in inflammation and demyelination may also play an important role, although there is currently no direct evidence for this.
Environmental risk factors for MS and epigenetic changes
The well-established environmental risk factors for MS are infection with EBV, vitamin D/UV deficiency and tobacco smoking, all of which can exert effects long before MS becomes clinically evident. Recent studies have revealed that the effects of some environmental risk factors on MS risk may be mediated in part by epigenetic changes. However, these changes are not through a single mechanism, but a complex interaction of several factors.
Infection with EBV
Normally after acute infection, the EBV genome, which resides in a latent form in memory B-cells, is silenced under strict control and cannot express most of the viral genes, including Epstein-Barr nuclear antigens (EBNA1-3), latent membrane proteins (LMP1 and 2), the noncoding RNAs (EBER1, EBER2), and EBV miRNAs. 31 However, dysregulation of these controls can result in the expression of these viral genes, especially abundant expression of EBV miRNAs. In Jijoye (Latency III) EBV-transformed B-cells, Riley et al. found that about 12 EBV miRNAs and 56 host miRNAs were highly expressed. Furthermore, these EBV miRNAs particularly cooperated with host miR-142-3p and miR-155, which are highly abundant immunomodulatory miRNA, to target host mRNAs regulating gene expression in a variety of pathways. 32 In MS, miR-142-3p expression has been linked to immune tolerance, 33 while miR-155 has been shown to associate with T-cell differentiation and promote CNS inflammation in EAE. 34 In addition, in EBV-induced nasopharyngeal cancer, 35 the enzymes DNMT1, DNMT3a and DNMT3b increased methylation of tumour suppressor gene promoters, reducing expression of these genes. These results may implicate the epigenetic changes induced by EBV in modulating MS risk, potentially explaining some of the potent association of EBV with MS.
Vitamin D deficiency
Clinical trials in MS have demonstrated that the effects of vitamin D on the immune system are dose dependent, 36 with higher vitamin D dose linked to a greater reduction in T-cell proliferation. 36, 37 Part of the effects of vitamin D on immune function may be via the induction of epigenetic changes that modulate the immune response. A single study has examined the effects of 1,25(OH) 2 D 3 on human IL-17A production using CD4 + T-cells and provides some support for such a mechanism. This study showed that 1,25(OH) 2 D 3 directly repressed the transcription of the proinflammatory cytokine locus IL-17 by dissociation of histone acetylase activity in the IL-17A promoter and recruitment of HDAC2 to the nuclear factor for activated T-cells (NFAT) binding sites, thus preventing its binding and subsequent enhancement of IL-17A expression. 38 These results, while from only one study, are enticing and emphasise the need for further work in this area.
Tobacco smoking
Tobacco exposure has been recognised to elevate important markers of inflammation and autoimmunity such as C-reactive protein, intercellular adhesion molecule-1 and E-selectin. 39 Furthermore, tobacco smoke contains an array of potent oncogenic compounds, so an impact on DNA and RNA is highly probable. By examining blood samples from adolescents whose mothers smoked during pregnancy, Toledo-Rodriguez et al. found that prenatal exposure to maternal cigarette smoking was associated with higher promoter methylation of brain-derived neurotrophic factor (BDNF), which supports the growth and differentiation of new neurons. 40 Maccani et al. found that three miRNAs, miR-16, miR-21 and mi4-146a, were downregulated as a result of maternal cigarette smoking during pregnancy. 41 Thus, tobacco smoking may modulate DNA methylation and miRNA activity in MS. While there is currently no published research on the effects of such changes in MS, these other studies certainly hint at such effects being possible in MS. Studies evaluating these associations in MS cohorts are strongly indicated.
Interaction of environmental risk factors and epigenetic changes
Environmental risk factors and epigenetic changes do not function in isolation, but could interact with each other to act synergistically. Epidemiological studies suggest that the risk for developing MS is much higher with coexistence of multiple environmental risk factors. For example, the association between higher anti-EBNA immunoglobulin (Ig)G titres and increased MS risk seems to be about two-fold greater among ever smokers compared to never smokers in some studies, though not all. 42, 43 Likewise, research suggests that miRNAs can regulate DNA methylation and histone modification, [44] [45] [46] and reciprocally these modifications can regulate the expression of miRNAs. 47 As discussed earlier, each environmental risk factor can act via epigenetic effects to modulate MS. It is possible that the epigenetic changes caused by smoking may influence the epigenetic changes caused by EBV or vitamin D deficiency, and vice versa. Environmental risk factors and epigenetic changes associate with each other through a complex network, gradually accumulating effects and possibly amplifying the risk for MS. These networks and interactions may be highly complicated and act in different directions depending on the levels of exposure. Consequently the study of geneenvironment interactions and the interplay of epigenetics require careful studies of large MS cohorts where all relevant confounders, genetic and environmental, are measured and controlled for in analyses.
Conclusions
Some progress has been made in understanding the role of epigenetic changes in MS. However, despite the potential importance of epigenetic change in the aetiology and progression of MS, and the interaction between these changes and recognised environmental risk factors, the research on this topic is still relatively sparse. This may reflect the complexity of MS, particularly the need for longitudinal assessment of the MS clinical course, which can take many years, as well as the relatively young field of epigenetic research. Given the potential importance of epigenetic changes in MS, however, a better understanding of these pathways and their interaction with other aspects of disease will be critical to the understanding and ultimate treatment of MS. With the increasing availability of tools with which to modulate and assess the effects of epigenetic changes, including DNA methylation silencing by DNA methyltransferase (DNMT) inhibitors, histone modification by histone deacetylase inhibitors, and miRNA profiles changed by oligonucleotides, more research in this field should eventuate in the near future. The possible utility of epigenetic changes and their control may yield a wholly novel methodological area by which MS might be treated and potentially cured.
